Abstract-Small cell networks (SCNs) are envisioned to embrace dynamic time division duplexing (TDD) in order to tailor downlink (DL)/uplink (UL) subframe resources to quick variations and burstiness of DL/UL traffic. The study of dynamic TDD is particularly important because it serves as the predecessor of the full duplex transmission technology, which has been identified as one of the candidate technologies for the 5th-generation (5G) networks. Up to now, the existing work on dynamic TDD only considered an asynchronous network scenario. However, the current 4G network is a synchronous one and it is very likely that the future 5G networks will follow the same system design philosophy for easy implementation. In this paper, for the first time, we consider dynamic TDD in synchronous networks and present analytical results on the probabilities of inter-cell inter-link interference and the DL/UL time resource utilization. Based on our analytical results, the area spectral efficiency is further investigated to shed new light on the performance and the deployment of dynamic TDD in future synchronous networks.
I. INTRODUCTION
The orthogonal deployment of dense small cell networks (SCNs) with the existing macrocell networks implies that small cells and macrocells operate on different frequency spectrum. Due to its capacity gain and easy implementation, such deployment has been selected as the workhorse for capacity enhancement in the 4th-generation (4G) and 5th-generation (5G) networks developed by the 3rd Generation Partnership Project (3GPP) [1] . It is also envisaged that dense SCNs will embrace time division duplexing (TDD), which does not require a pair of frequency carriers and offers the possibility of tailoring the amount of time radio resources to the downlink (DL)/uplink (UL) traffic conditions. In this line, seven TDD configurations, each associated with a specific DL/UL subframe number in a 10-milisecond TDD frame, are available for semi-static selection at the network side in the 4G Long Term Evolution (LTE) networks [2] .
In order to allow a more dynamic and independent adaptation of TDD SCNs to the quick variation of DL/UL traffic demands, a new technology, referred to as dynamic TDD, has drawn much attention recently [3] [4] [5] [6] [7] . In dynamic TDD, the configuration of the TDD DL/UL subframe number in each cell or a cluster of cells can be dynamically changed on a per-frame basis, i.e., once every 10 milliseconds [2] . Dynamic TDD can thus provide a tailored configuration of DL/UL subframe resources for each cell or a cluster of cells at the expense of allowing inter-cell inter-link interference, e.g., DL transmissions of a cell may interfere with UL ones of a neighboring cell and vice versa. The study of dynamic TDD is particularly important because it serves as the predecessor of the full duplex (FD) transmission technology [4, 8] , which has been identified as one of the candidate 5G technologies.
The signal-to-interference-plus-noise ratio (SINR) performance of dynamic TDD has been analyzed in [5] , assuming deterministic positions of BSs and UEs, and in [6, 7] , considering stochastic positions of BSs and UEs. However, most previous theoretical works only investigate dynamic TDD operating in an asynchronous network, and does not study dynamic TDD operating in a synchronous one. More specifically, in an asynchronous network, e.g., Wireless Fidelity (Wi-Fi), the TDD transmission frames are not aligned among cells, and thus the inter-cell inter-link interference is statistically uniform in the time domain and only depends on the DL/UL transmission probability. However, in a synchronous network, such as LTE, the TDD transmission frames from different cells are aligned to simplify the protocol design of radio networks. As a result, the inter-cell inter-link interference becomes a function of the LTE TDD configuration structure. Fig. 1 shows an example of such LTE TDD configuration structure.
In Fig. 1 , one TDD frame is composed of 10 subframes and the time length of each subframe is 1 millisecond [2] . As an example, we assume that BS 1 and BS 2 use the TDD configurations with 6 and 8 DL subframes, respectively. For this synchronous network with frame alignment, we can see that the first 6 and the last 2 subframes of BS 1 will not see any UL-to-DL or DL-to-UL interference from BS 2. However, this is not the case for the 7-th and 8-th subframes of BS 1, which are UL subframes and collide with the DL subframes of BS 2 with a probability of 100 %. Hence, the average probability of the DL-to-UL interference for the UL in BS 1 is 50 %. In contrast, for an asynchronous network, each UL subframe of BS 1 will experience DL-to-UL interference from BS 2 with an 80 % probability, since BS 2 transmits DL subframes 80 % of the time. Thus, ignoring the frame alignment in synchronous networks can lead to a considerable over-estimation of intercell inter-link interference as shown by this example.
Unfortunately, works that considered dynamic TDD in the synchronous case were based on simulations and lack of analytical expressions [3, 4] .
In this paper, for the first time, we will present analytical results on dynamic TDD for the synchronous case. The main contributions of this paper are as follows:
• We derive closed-form expressions for the probabilities of inter-cell inter-link interference, considering dynamic TDD in the synchronous case. Such probabilities are shown to vary with the BS and UE densities and are distinctively different from the existing results in [6, 7] .
• We also derive closed-form expressions for the DL/UL time resource utilization (TRU), considering dynamic TDD in the synchronous case. Such results quantify the high efficiency of resource usage in dynamic TDD.
• Based on the above analytical results, the area spectral efficiency (ASE) of dynamic TDD in the synchronous case is further investigated, with special attention paid to the UL part by considering full and partial interference cancellation technologies [4] , so that the overwhelming DL-to-UL interference among BSs can be mitigated.
II. NETWORK SCENARIO AND WIRELESS SYSTEM MODEL
In this section, we present the network scenario and the system model considered in the paper.
A. Network Scenario
We consider a cellular network with BSs deployed on a plane according to a homogeneous Poisson point process (HPPP) Φ with a density of λ BSs/km 2 . Active UEs are also Poisson distributed in the considered network with a density of ρ UEs/km 2 . Here, we only consider active UEs in the network because non-active UEs do not trigger data transmission, and thus they are ignored in our analysis. According to [1] , a typical density of the active UEs is round ρ = 300 UEs/km 2 . In practice, a BS will mute its transmission if there is no UE connected to it, which reduces inter-cell interference and energy consumption [9] . Since UEs are randomly and uniformly distributed in the network, we assume that the active BSs also follow an HPPP distributionΦ [10] , the density of which is denoted byλ BSs/km 2 . Note that 0 ≤λ ≤ λ, and a larger ρ leads to a largerλ.
For each active UE, the probabilities of requesting DL data and UL data are respectively denoted by p D and p U , with p D + p U = 1. Besides, we assume that each request is large enough to be transmitted for at least one TDD frame, which consists of T subframes. In the sequel, the DL or UL subframe number per frame will be shortened as the DL or the UL subframe number, because subframes are generally meant within one frame. Moreover, we consider the UL-after-DL TDD configuration structure, which has been adopted in LTE [2] . Fig. 1 provided an example of such UL-after-DL TDD configuration structure with T = 10.
B. System Model
Following [11] , we adopt a general and practical path loss model, in which the path loss ζ (r) associated with distance r is segmented into N pieces written as
where the string variable Dir denotes the path loss direction and takes the value of 'B2U', 'B2B' and 'U2U' for the BS-to-UE path loss, the BS-to-BS path loss and the UE-to-UE path loss, respectively. Besides, each piece ζ Dir n (r) , n ∈ {1, 2, . . . , N } , is modeled as Moreover, Pr
Dir,L n (r) is the n-th piece LoS probability function for the event that there is a LoS path between a transmitter and a receiver separated by a distance r.
In this paper, we assume a practical user association strategy, in which each UE is connected to the BS having the smallest path loss (i.e., with the largest ζ (r)) [11] . Moreover, we assume that each BS/UE is equipped with an isotropic antenna, and that the multi-path fading between a transmitter and a receiver is modeled as independent and identically distributed (i.i.d.) Rayleigh fading [11] .
Based on this system model, we can define the coverage probability that the typical UE's DL/UL SINR is above a designated threshold γ as
where the string variable Link denotes the link direction and takes the value of 'D' and 'U' for the DL and the UL, respectively. Moreover, the DL/UL SINR is calculated by
where P Link is the transmission power, r is the distance from the typical UE to its serving BS denoted by b o , h is the Rayleigh channel gain modeled as an exponentially distributed random variable (RV) with a mean of one as mentioned above, P Link N is the additive white Gaussian noise (AWGN) power, and I D agg (I U agg ) is the DL (UL) cumulative interference, respectively. It is important to note that:
• For the DL, P Link takes the value of the BS power, i.e., P D , which is usually a cell-specific constant to maintain a stable DL coverage [2] . Besides, P Link N should be the AWGN at the UE side, i.e., P D N .
• For the UL, P Link takes the value of the UE power, i.e., P U , which is usually subject to semi-static power control such as the fractional path loss compensation (FPC) scheme [2] . Besides, P Link N should be the AWGN at the BS side, i.e., P U N .
• Due to the existence of inter-cell inter-link interference, I [11] , the SINR-dependent DL/UL area spectral efficiency (ASE) in bps/Hz/km 2 can be defined by
where κ Link is the DL/UL time resource utilization characterizing how much time resource is actually used for the DL/UL, γ 0 is the minimum working SINR for the considered SCN, and f Link Γ (λ, γ) is the probability density function (PDF) of SINR Link at a particular BS density λ. Based on the definition of p cov,Link (λ, γ) in (3), which is the complementary cumulative distribution function (CCDF) of the DL/UL SINR, f
III. MAIN RESULTS As explained in Section I, for dynamic TDD in the synchronous case, the probabilities of inter-cell inter-link interference vary across the TDD subframes because the probabilities of scheduling DL and UL transmissions are different for each subframe. To formulate this, for the l-th subframe (l ∈ {1, 2, . . . , T }), we respectively denote the probability of BS transmitting DL signals and that of UE transmitting UL signals by q • For static TDD with a fixed TDD subframe configuration across the SCN, q D l and q U l are either one or zero, because its TDD subframe designation is deterministic.
• For dynamic TDD in the asynchronous case, it can be assumed that q
. As discussed in Section I, -matching the DL/UL subframe splitting ratio with the DL/UL data request ratio achieves a balanced performance for both the DL and the UL, which leads to the DL/UL transmission probability converging to the DL/UL data request probability; and thus -the DL/UL transmission probability (q D l and q U l ) will not change with the subframe index l.
• For dynamic TDD in the synchronous case, computing q D l and q U l is a non-trivial task, because they depend on the following factors:
-the distribution of the UE number in an active BS, which will be shown to follow a truncated Negative Binomial distribution in Subsection III-A; -the distribution of the DL/UL data request numbers in an active BS, which will be shown to follow a Binomial distribution in Subsection III-B; -the dynamic TDD subframe splitting strategy, and the corresponding distribution of the DL/UL subframe number, which will be shown to follow an aggregated Binomial distribution in Subsection III-C; and -the prior information about the frame structure, such as the UL-after-DL structure adopted in LTE [2] , which will lead to subframe-dependent results of q 
A. The Distribution of the UE Number in an Active BS
Considering both active BSs and inactive BSs, the coverage area size X can be characterized by a Gamma distribution [10] . Thus, the PDF of X can be expressed by
where q is a distribution parameter and Γ(·) is the Gamma function [12] . Note that according to our very recent study [9] , q should depend on Pr B2U,L n (r) shown in (2). Then, we denote the UE number per BS by a random variable (RV) K, and the probability mass function (PMF) of K can be derived as
where (a) is due to the HPPP distribution of UEs and (b) is obtained from (7) . It can be seem from (8) that K follows a Negative Binomial distribution [12] , i.e., K ∼ NB q, ρ ρ+qλ .
As discussed in Subsection II-A, we assume that a BS with K = 0 is not active, which will be ignored in our analysis due to its muted transmission. Hence, we focus on the active BSs and further study the distribution of the UE number in an active BS. For clarity, the UE number in an active BS is denoted by a positive RVK. Considering (8) and the fact that the only difference between K andK lies inK = 0, we can conclude thatK should follow a truncated Negative Binomial distribution, i.e.,K ∼ truncNB q, ρ ρ+qλ . More specifically, the PMF ofK is denoted by fK k ,k ∈ {1, 2, . . . , +∞}, and it is given by
where the denominator (1 − f K (0)) represents the probability of a BS being active. Note that based on the definition ofλ in Subsection II-A, we have
B. The Distribution of the DL/UL Data Request Number in an Active BS
After obtaining the distribution of the UE numberK in an active BS, we need to further study the distribution of the DL/UL data request number in an active BS, so that a tailored TDD configuration can be determined in a dynamic TDD network. In other words, the DL/UL data request number in an active BS reflects the DL/UL traffic load in such BS, and with the assumption of dynamic TDD, a TDD configuration should be smartly selected to make the splitting of the DL and UL subframes match such DL/UL traffic load condition.
For clarity, the DL and UL data request numbers in an active BS are denoted by RVs M D and M U , respectively. Since we assume that the UE number in an active BS isK and each UE generates one request of either DL data or UL data, it is apparent that
As discussed in Subsection II-A, for each UE in an active BS, the probability of it requesting DL data and UL data is p D and p U , respectively. Hence, for a givenK =k, M D should follow a Binomial distribution [12] 
. . ,k}, and it can be expressed by
Considering (10), it is easy to show that M U ∼ Bi(k, p U ).
C. The Distribution of the DL/UL Subframe Number with Dynamic TDD
After knowing the distribution of the DL data request number M D in an active BS, we are ready now to consider dynamic TDD and derive the distribution of the DL subframe number in an active BS. For a givenK =k, the DL subframe number in an active BS is denoted by N D . Here, we adopt a dynamic TDD algorithm to choose the DL subframe number, which matches the DL subframe ratio with the DL data request ratio [4] . In more detail, for certain values of m D andk, the DL subframe number n m D ,k is determined by
where round (x) is an operator that rounds an real value x to its nearest integer. In (12) ,
can be deemed as the DL data request ratio, because (i) m D denotes the DL data request number with its distribution characterized in (11); (ii) k represents the UE number, and thus the total number of the DL and UL data requests; and (iii) as a result, m D k T yields a desirable DL subframe number that matches the DL subframe ratio with the DL data request ratio. However, due to the integer nature of the DL subframe number, we use the round operator to generate a valid DL subframe number that is nearest to
. . , T }, and it can be derived as
where (12) is plugged into (a), and I {X} is an indicator function that outputs one when X is true and zero otherwise. Besides, f M D m D is computed by (11) . Due to the existence of the indicator function in (13), f N D n D can be viewed as an aggregated PMF of a Binomial distribution, since N D is generated from M D according to a many-to-one mapping characterized by (12) .
Since the total subframe number in a frame is T and each subframe should be either a DL one or an UL one, it is apparent that N D + N U = T , and hence we have
D. The Probability of Performing a DL/UL Transmission on a Subframe with Dynamic TDD
Considering the distribution of the DL/UL subframe number in an active BS and the UL-after-DL structure of the synchronous TDD configurations, we can now derive the probability of performing a DL/UL transmission on a subframe with dynamic TDD.
Based on (13) and conditioned onK =k, the probability of performing a DL transmission on the l-th subframe (l ∈ {1, 2, . . . , T }) can be calculated as
where Y l denotes the link direction for the transmission on the l-th subframe, which takes a string value of 'D' and 'U' for the DL and the UL, respectively. Besides, step (a) of (15) is due to the LTE TDD configuration structure shown in Fig. 1 , and F N D n D is the cumulative mass function (CMF) of N D in an active BS, which is written as
Similarly, the probability of performing an UL transmission on the l-th subframe can be given by
Furthermore, the unconditional probabilities of performing a DL and UL transmissions on the l-th subframe, i.e., q 
where fK k is obtained from (9) .
E. The Probabilities of Inter-Cell Inter-Link Interference
With the knowledge on the probability of each subframe being a DL one or an UL one, we can conduct an interesting study on the probabilities of inter-cell inter-link interference for dynamic TDD in the synchronous case. For clarify, such probabilities are formally defined as follows:
• The probability of the DL-to-UL interference is denoted by Pr D2U and defined as Pr [ Z = 'D'| S = 'U'], where Z and S denote the link directions for the interference and the signal, respectively. Note that the probability of the UL-to-UL interference is denoted by Pr U2U and defined as Pr [ Z = 'U'| S = 'U']. From the definition of Pr
D2U
and Pr U2U , we have Pr D2U + Pr U2U = 1.
• Similarly, the probability of the UL-to-DL interference is defined by Pr
Besides, the probability of the DL-to-DL interference is defined by Pr
Our main results on Pr D2U and Pr U2D are summarized in Theorem 1.
Theorem 1. Pr
D2U and Pr U2D can be derived in closed-form expressions as
where q can be derived as
where (a) is obtained from
due to the independence of the events ( Z = 'D'| L = l) and (S = 'U'); (b) is valid because of the Bayes' Theorem; and (c) comes from the calculation on the probability of the signal being an UL one, which can be written by
Similarly, it is easy to derive the results for Pr U2D , which concludes our proof.
As discussed at the beginning of Section III, for static TDD, we have Pr D2U = Pr U2D = 0 since all the TDD subframes are of the same sequence and well-aligned. For dynamic TDD in the asynchronous case, we have Pr D2U = p D and Pr U2D = p U [7] , due to the random collision of the dynamic TDD subframes. On the other hand, as shown in Theorem 1, Pr D2U and Pr U2D for dynamic TDD in the synchronous case are much more complex, which are expected to have a major impact on the evaluation of I D agg and I U agg in (4).
F. The DL/UL Time Resource Utilization
From (5), the DL or UL time resource utilization (TRU) is denoted by κ D or κ U , and it can be deemed as the probability that the signal transmission is a DL one or an UL one. Hence, enlightened by (21), we have
Note that the results in (22) can be applied to dynamic TDD in both the asynchronous and the synchronous cases, because the TRU characterizes the efficiency of resource usage in dynamic TDD, no matter what the synchronization assumption is. Probability of inter-cell inter-link interference Fig. 2 . The probability of inter-cell inter-link interference.
For the trivial case of static TDD, it is straightforward to derive κ D and κ U as are respectively the subframe numbers for the DL and the UL in static TDD.
IV. SIMULATION AND DISCUSSION
In this section, we present numerical results to validate the accuracy of our analysis. In our simulation, we adopt the following parameters recommended by the 3GPP [2] . In (2) , N = 2 and for n ∈ {1, 2}, A 
Besides, according to [2] , the power values are set to: P D N = −95 dBm, P U N = −91 dBm, P D = 24 dBm, and P U is determined for each UE based on the FPC scheme [2] . In addition, the UE density is set to ρ = 300 UEs/km 2 , which leads to q = 4.05 in (7) [9] . Finally, we assume that γ = 1, p D = 
A. Validation of the Results on the Probabilities of Inter-Cell Inter-Link Interference
The analytical and simulation results of Pr D2U and Pr
U2D
are plotted in Fig. 2 . From this figure, we can draw the following observations:
• The analytical and simulation results match well, which validates the accuracy of our analysis.
• For static TDD, Pr D2U and Pr U2D are zeros as discussed in Subsection III-E.
• For dynamic TDD in the asynchronous case, it is confirmed that Pr D2U = p D and Pr U2D = p U [7] .
• For dynamic TDD in the synchronous case, as the BS density λ increases, Pr D2U and Pr U2D gradually grow and converge to the results of dynamic TDD in the asynchronous case. This is because:
-when λ increases, the UE number in each active BS decreases; and -hence, when λ is high enough to reach the limit of one UE per active BS, all the subframes will be used as either DL ones or UL ones, the probability of which solely depends on p D or p U .
B. Validation of the Results on the Time Resource Utilization
The analytical and simulation results of κ D and κ U are plotted in Fig. 3 . From this figure, we can see that:
• For static TDD, κ D starts from 0.7 and decreases as λ increases. This is because N D 0 = 7 and T = 10, and thus static TDD maintains N U 0 = 3 UL subframes even if there is no UL data request in a BS, leading to a large time resource waste. Moreover, the sum of κ D and κ U is much less than one when λ is large, e.g., λ = 1000 BSs/km 2 , showing the inefficiency of static TDD in dense SCNs.
• For dynamic TDD, κ D starts from 0.7 and converges to p D = 2 3 as λ increases. This is because when λ is high enough to reach the limit of one UE per active BS, all the subframes will be used as DL ones with a probability of p D . Moreover, the sum of κ D and κ U always equals to one, thanks to the dynamic adaption of DL/UL subframes to DL/UL data requests. 
C. The Coverage Probability Performance
Due to the page limitation, we only show the simulation results of the UL coverage probability in Fig. 4 (4) . Also note that the UL performance is important because the UL SINR is vulnerable to the DL-to-UL interference [4] . To mitigate such interference, we also investigate the effectiveness of the full interference cancellation (IC) and the partial IC technologies [4] , which remove all and the top three DL-to-UL interfering signals based on ζ B2B (r), respectively. From Fig. 4 , we can see that:
• The difference between the UL coverage probability of asynchronous dynamic TDD and that of synchronous dynamic TDD is as large as 15 %, e.g., when λ = 50 BSs/km 2 , p cov,U (50, 1) = 0.487 for the former case and p cov,U (50, 1) = 0.558 for the latter one. This shows the importance of studying synchronous dynamic TDD.
• Dynamic TDD without IC achieves very poor performance compared with static TDD due to the strong DLto-UL interference. However, with the use of full IC or merely partial IC, the UL coverage probability of dynamic TDD can be significantly improved.
D. The ASE Performance
From Fig. 4 , we should not conclude that dynamic TDD exhibits no significant performance gain compared with static TDD due to the detrimental DL-to-UL interference. Instead, we need to investigate the ASE performance, which includes the time resource utilization and is shown in Fig. 5 .
From this figure, we can see that dynamic TDD in the synchronous case can achieve a much larger ASE compared with static TDD, mainly due to the dynamic adaption of DL/UL subframes to DL/UL data requests. For example, when λ = 1000 BSs/km 2 , the ASE of static TDD and that of dynamic TDD with partial IC are around 500 bps/Hz/km 2 and 700 bps/Hz/km 2 , respectively. However, if the DL-to-UL interference is not properly treated, the UL ASE of dynamic TDD will suffer from a performance loss compared with static TDD, especially for 5G dense SCNs [1] , e.g., λ > 100 BSs/km 2 . 
V. CONCLUSION
For the first time, we analytically studied dynamic TDD in synchronous networks. Our study demonstrated that the probabilities of inter-cell inter-link interference should vary with the BS and UE densities. Besides, we showed the importance of treating the DL-to-UL interference by means of full IC or partial IC, especially for 5G dense SCNs.
